Here we report the preliminary results of GPS data inversions for coseismic and initial afterslip distributions of the M w 6.3 2009 April 6 L'Aquila earthquake. Coseismic displacements of continuous and survey-style GPS sites, show that the earthquake ruptured a planar SW-dipping normal fault with ∼0.6 m average slip and an estimated moment of 3.9 × 10 18 Nm. Geodetic data agree with the seismological and geological information pointing out the Paganica fault, as the causative structure of the main shock. The position of the hypocentre relative to the coseismic slip distribution supports the seismological evidence of southeastward rupture directivity. These results also point out that the main coseismic asperity probably ended downdip of the Paganica village at a depth of few kilometres in agreement with the small (1-10 cm) observed surface breaks. Time-dependent post-seismic displacements have been modelled with an exponential function. The average value of the estimated characteristic times for near-field sites in the hanging-wall of the fault is 23.9 ± 5.4 d. The comparison between coseismic slip and post-seismic displacements for the first 60 d after the main shock, shows that afterslip occurred at the edges of the main coseismic asperity with a maximum estimated slip of ∼25 cm and an equivalent seismic moment of 6.5 × 10 17 Nm. The activation of the Paganica fault, spatially intermediate between the previously recognized main active fault systems, suggests that strain accumulation in the central Apennines may be simultaneously active on distinct parallel fault systems.
I N T RO D U C T I O N
The M w 6.3 L'Aquila earthquake struck the Abruzzi region in central Italy (Fig. 1 ) on 2009 April 6 causing extensive damage to the town of L'Aquila and killing 300 inhabitants. The main shock nucleated at a depth of 8-10 km, was preceded by a pre-seismic sequence with the largest shock having a Ml 4 magnitude, and was followed by a vigorous aftershock sequence, primarily southeast and north of the hypocentre (Chiarabba et al. 2009 ). The normal faulting mechanism ( Fig. 2 ) agrees with the NE-SW direction of active extension across the Apennines caused by the northeastward motion of the Adriatic microplate (D' Agostino et al. 2008) . Previous geological studies (Boncio et al. 2004; Roberts & Michetti 2004; Galli et al. 2008) have recognized several NW-SE-trending fault systems active in the Upper Pleistocene-Holocene in this part of the Central Apennines. Preliminary geodetic investigations (D'Agostino et al. 2001; Mantenuto 2008) have suggested that strain accumulation is focused on the westernmost active fault system ( Fig. 1) which from the High Aterno Valley joins the Ovindoli-Pezza-Fucino fault system with minor activity on the easternmost fault system. Immediately after the main shock we re-occupied survey-mode GPS benchmarks, retrieved data from continuous GPS stations and deployed new continuous GPS sites in the epicentral area. In this study, we use the GPS data to infer the fault geometry, the amount of coseismic slip Galli et al. (2008) , Boncio et al. (2004) and Roberts & Michetti (2004) . The red square indicates the position of the station CESI. The inset shows observed (blue) and calculated (yellow) vertical displacements. The red box in the inset is the surface projection of the best-fitting uniform slip fault model. The ticked line is where extension of the fault plane intersects the surface. Red squares in the inset indicate continuous GPS sites deployed after the main shock. Legend: AV, High Aterno Valley; GS, Gran Sasso range; PF, Paganica fault; OV, Ovindoli-Pezza fault; FU, Fucino. and the initial post-seismic afterslip and we discuss the results in relation to the source and rupture geometry and their seismotectonic significance.
GPS DATA AND ANALYSIS
In this study, we use data from 36 permanent GPS sites (51 per cent within 50 km from the epicentre; Table S1 ) managed by different agencies. Two additional permanent GPS stations (ROPI, CONI) were installed within 2 d from the main shock. We included 14 survey-style GPS benchmarks (50 per cent within 26 km, the rest within 55 km from the epicentre). These sites have multiple years of pre-earthquake measurements (last in 2008) and well-established interseismic velocities (D'Agostino et al. 2001; Mantenuto 2008) . The GPS benchmarks within 25 km from the epicentre have been immediately measured after the main shock (day of year 96-98) while the others were occupied within the following week. We also included five survey-mode sites described by Anzidei et al. (2009) installed 4 d before the main shock. Two of them (CADO, ROIO) were left to collect data continuously for post-seismic deformation.
We use the GIPSY-OASIS software to analyse GPS data using a precise-point-positioning strategy followed by network ambiguity resolution aligning daily solutions to ITRF2005 following the method described in D' Agostino et al. (2008) . We mapped horizontal and vertical displacements with respect to the INGV (Istituto (Chiarabba et al. 2009 ). Large beach-balls represent regional CMT (Pondrelli et al. 2009 ), body-wave (Walters et al. 2009 ), InSAR (Walters et al. 2009 ) and GPS (this study) focal solutions. Small beach-balls are M w > 3 moment tensor solutions available at http://www.eas.slu.edu/Earthquake_Center/MECH.IT. The dashed green line represents the extent of observed ground ruptures along the Paganica fault. (b) Relocated aftershocks and topographic cross-section. Nazionale Geofisica Vulcanologia) station CESI ( Fig. 1) to increase the signal-to-noise ratio of the position time-series relative to absolute position time-series expressed in a global reference frame. The CESI site (about 80 km northwest of the epicentre) do not show any evidence of coseismic offset and has a negligible secular motion relative to the stations near the epicentre (D'Agostino et al. 2008) . To account for the interseismic motion that occurred at the survey sites without pre-earthquake measurements in the days before the earthquake, we estimate the positions just before the earthquake using the interseismic velocity with the uncertainty being propagated into the pre-earthquake position. Vertical offsets have been considered for permanent sites and for those survey sites, which maintained the same antenna setup across the main shock. Due to the daily sampling of the GPS time-series, our estimate of coseismic slip includes post-seismic afterslip of the first day. Permanent GPS sites show clear evidence of coseismic offset followed, for sites in the near-field, by a clear time-dependent postseismic signal (Fig. 3 and Fig. S1 ). We modelled site positions as the sum of a coseismic offset and an exponential term representing the time-dependent post-seismic deformation. The model equation used to parametrize the time-dependent deformation is 
FAU LT G E O M E T RY A N D C O S E I S M I C S L I P
To infer the geometry of the uniform slip fault we model the observed near and far-field coseismic displacements, using a rectangular dislocation in an elastic, homogeneous and isotropic half-space (Okada 1985) . Because the displacements are related nonlinearly to the nine parameters describing the geometry and the slip of the fault plane, we used a simulated annealing algorithm (Corana et al. 1987) to determine the model that produces the least-squares best fit. To estimate the confidence intervals we used a Monte Carlo simulation technique (e.g. Press et al. 1992 ) which applies the best-fitting technique to a large number of synthetic data sets, each one derived from adding synthetic realizations of data noise to the actual data set. The individual model parameters appear to be well resolved with compact 95 per cent confidence intervals. The most significant
The 2009 L'Aquila earthquake 1543 parameter trade-offs are observed between strike and rake, north position and slip, and depth and dip of the fault (Fig. S2) . The bestfitting uniform slip model (Fig. 2 and Table S7 ) is described by a 50
• SW-dipping fault plane in good agreement with hypocentral location, distribution of aftershocks, seismological estimates of seismic moment and small surface ruptures (1-10 cm) observed near Paganica (Emergeo Working Group 2009; Falcucci et al. 2009 ). The average uniform slip is 0.6 m which (using a value of 30 GPa for rigidity) gives an estimated seismic moment of 3.9 × 10 18 Nm. Horizontal and vertical displacements (Figs 1 and 2 ) are generally well reproduced for the near and far-field sites (rms values in mm: 3.9 east, 3.3 north, 7.8 up) with the exception of the site PAGA located few hundreds metres from the surface emergence of the best-fitting fault model. Surface displacements at GPS sites located above the shallower part of the fault are most sensible to the fine slip distribution and may not be compatible with the uniform slip constrain imposed for the evaluation of the best-fitting fault geometry. The site PAGA has thus been excluded for the estimation of the best-fitting uniform slip fault. The AQRA and CADO sites provide strong constraints on the lateral edges of the uniform slip fault. A uniform slip model is able to reproduce most of the observed vertical and horizontal signals with the exception of the near-field sites ROIO and CADO, which cannot be fully reproduced with a uniform slip model.
To test variable slip on the fault plane we subdivided the uniformslip fault in patches of 1 × 1 km and we computed Green's function relating slip on each patch to the 3-D displacements at GPS sites assuming an elastic half-space with a Poisson ratio of 0.25 and fixing the rake at the best-fitting uniform-slip model. We apply positivity constraints in order to avoid implausible and overly rough slip distribution and regularize the inversion by applying smoothing via a finite-difference approximation of the Laplacian operator with the balance between data misfit and fault slip smoothness controlled by factor k. We choose the amount of smoothing from a trade-off curve with misfit function plotted as a function of solution roughness (Fig. S4) . The result shows only a marginal improvement in rms reduction (3.5 versus 5.1 mm) mostly accomplished by reduction in the vertical (4.6 versus 7.8 mm) misfit and slight reduction in the north (2.7 versus 3.3 mm) and in the east (2.6 versus 3.9 mm) misfits. A similar minor misfit improvement from a uniform to a variable slip models is also shown by inversion of InSAR data (Walters et al. 2009) . The variable slip model shows three major asperities with ∼1 m of maximum slip, entirely contained within the uniform slip fault (Fig. 5) and remarkably consistent with the slip distribution obtained from the joint inversion of strong motion and GPS data by Cirella et al. (2009) . The asperity with largest slip lies at a depth of 3-8 km downdip of the observed surface ruptures. Upward tapering of this asperity is consistent with the small-observed surface ruptures and fringes continuity of the InSAR interferograms (Atzori et al. 2009; Walters et al. 2009 ). The position of the main shock relative to the slip distribution (Fig. 4) supports the seismological inference of SE rupture directivity (Cirella et al. 2009; Pino & Di Luccio 2009 ). Resolution tests have been performed (Figs S3a and S3b) showing limited resolution on slip in the deepest part of the fault (>10 km) which improves in the shallower parts.
A F T E R S L I P I N V E R S I O N
We model initial post-seismic deformation as the result of afterslip on the fault using the cumulative post-seismic deformation calculated at the near-field sites 60 d after the main shock. A significant change (Fig. 4a,c) between the coseismic and post-seismic displacement patterns suggests that different parts of the fault moved as a consequence of the afterslip following the main shock. It can be observed that sites near L'Aquila (AQUI, AQRA and ROIO) distinctly inverted the sign of the coseismic east component in the post-seismic phase (Fig. 3 and Fig. S1 ). A change between coseismic and post-seismic deformation is also observed at site CADO which moved coseismically towards northwest and post-seismically towards northeast. It is interesting to remark that the time-dependent displacement fit to the stations on the hanging-wall of the fault (1392, AQRA, AQUI, CADO, INGP, PAGA and ROIO) provide similar results in terms of the characteristic decay time d c with an average value of 23.9 ± 5.4 d suggesting that sites on the hangingwall of the fault moved post-seismically in response to a common physical process. This value corresponds to approximately half of the motion of the first 60 d achieved in the first 15 d.
To model heterogeneous fault afterslip we use the same parametrization (fault length, rake, subfault patch dimension) of the variable coseismic slip inversion. Resolution tests show an improvement in the ability to resolve slip distribution on the fault both in the shallow and deep parts of the fault as a result of the larger number of available GPS data ( Fig. S3c and S3d). Nevertheless it is possible that a significant amount of slip is not 'seen' by our GPS station distribution. Horizontal and vertical post-seismic displacements are well reproduced by a variable slip model with three main patches labelled with A, B and C in Fig. 5 . Patch A, at a depth of approximately 15 km, is required by the southwestward motion and moderate downward displacements of the GPS sites near L'Aquila. Patch B correlates with several aftershocks and remains stable when PAGA is excluded from the inversion. The strongest constraint on patch B comes from the northward motion of CADO, which require upward tapering slip. Extending the slip upward to the surface in fact changes the horizontal motion of CADO by more than 90
• . The very shallow (less than 3 km) patch C is required by the motion of CONI and by the horizontal displacements of the sites near L'Aquila, suggesting that the small surface ruptures (Emergeo Working Group 2009) may have here reached the surface or increased their offsets as a consequence of shallow afterslip.
The comparison with the coseismic slip distribution strongly suggests that afterslip of patches A and B was triggered at the edges of the largest coseismic asperities where gradients of slip determined significant increase of shear stress on the unruptured parts of the fault surface. We also observe that patches B and C correspond to those parts of the fault where Amoruso & Crescentini (2009) found significant afterslip using laser strainmeter data. In general we observe an inverse correlation of afterslip relative to the coseismic slip with shallow slip in the central and southeastern parts and deeper in the northwestern part of the fault.
D I S C U S S I O N A N D C O N C L U S I O N
Our results show that the M w 6.3 L'Aquila earthquake occurred on a 50
• -dipping 136N-striking normal fault producing small (1-10 cm) ruptures along the surface trace of the Paganica fault which was previously considered as active in the Late Quaternary (Bagnaia et al. 1992) and in the Holocene (Boncio et al. 2004) . Where the coseismic rupture reached the surface the Paganica fault presents a welldeveloped cumulative Quaternary fault scarp and a flat hanging-wall alluvial plain suggestive of periodic episodes of coseismic subsidence and repeated failure of the same asperity. The geodetic and seismological seismic moment estimates generally agree, suggesting that the largest part of the rupture radiated seismically and that geodetic estimates are not significantly biased by early post-seismic deformation. The position of the hypocentre relative to the entire fault plane is consistent with the seismological evidence of a strong southeastward rupture directivity. Inversion of GPS data yields a main asperity at a depth of about 3-7 km downdip of the observed surface breaks. The inversion of the post-seismic displacements , estimated using both geodetic and strong motion data (Cirella et al. 2009 ). Earthquakes within 2 km are projected on the fault surface and shown as a pink star (main shock) or blue circles (relocated aftershocks). Note that afterlip and aftershocks concentrate at the edges of the larger coseismic slip patches.
shows that afterslip occurred at the edges of the main coseismic patches releasing, in the first 60 d after the main shock, a postseismic moment of 6.5 × 10 17 Nm, equivalent to a M w 5.8 earthquake. The inverse correlation between coseismic slip and afterslip suggests that post-seismic deformation partly smoothed the coseismic slip distribution. The occurrence of the L'Aquila earthquake on the Paganica fault, intermediate between the two, previously recognized, main active fault systems (D'Agostino et al. 2001; Boncio et al. 2004; Galli et al. 2008) , suggests that tectonic loading may be active across more than a single, dominant seismic belt, emphasizing the need for an improved geodetic investigation of interseismic strain accumulation in this part of the Apennines.
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S U P P O RT I N G I N F O R M AT I O N
Additional Supporting Information may be found in the online version of this article: Figure S3 . Resolution tests for coseismic (a,b) and post-seismic (c,d) slip distributions. Left-hand panels: input slip and synthetic displacements used in the inversion. Right-hand panels: estimated slip and predicted displacements. The blue vectors represent the horizontal displacements, while the green vectors the vertical displacements (error ellipses at 95 per cent C.I.). Note the different colour scale for coseismic and post-seismic slip distributions. A checkerboard test (a) highlights the poor resolution at depth. Slip in the shallower part is relatively well resolved. The slip (b) that would be estimated from an along-strike variable slip distribution. These tests show that the coseismic data have a limited resolution in the deepest part of the fault, that improves in the shallower parts. Postseismic resolution test (c) of deep versus shallow afterslip. Specific slip configuration (d) in which the slip is imposed in the deepest, shallowest and intermediate portions. The different patches are recovered, showing that the post-seismic data set is able to resolve this particular slip distribution. Both solutions, however result in a significant smearing of the input model, in particular at depth. Figure S4 . Trade-off curves between fault-slip roughness and misfit function for coseismic (a) and post-seismic (b) slip distributions. The appropriate value of k is taken from where the misfit stops decreasing strongly with increasing slip roughness. The arrows mark the picked roughness for our final solution. Table S1 . Coseismic offsets of continuous GPS sites. A e, A n , A u are east, north and vertical coseismic displacements (in mm) and associated 1σ uncertainties S e , S n and S u . Table S2 . Coseismic offsets of survey-style GPS sites. A e , A n and A u are east, north and vertical coseismic displacements (in mm) and associated 1σ uncertainties S e , S n and S u . Table S3 . East, north and vertical cumulated 60 d post-seismic displacements (in mm) of continuous GPS sites P e , P n and P u calculated using the exponential function P i = B i [1 -exp(-60.0/d c )] and associated 1σ uncertainties S e , S n and S u . Table S4 . East, north and vertical cumulated 60 d post-seismic displacements (in mm) of survey-style GPS sites P e , P n and P u calculated using the exponential function P i = B i [1 -exp(−60.0/d c )] and associated 1σ uncertainties S e , S n and S u . Table S5 . Coefficients (in days) of the exponential post-seismic decay function of CGPS stations. Table S6 . Coefficients (in days) of the exponential post-seismic decay function of survey-style GPS stations. Table S7 . Source parameters of the 2009 April 6 L'Aquila earthquake. Values in parenthesis represent the individual 95 per cent confidence intervals determined using a Monte Carlo method (Fig. S2 ).
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